In conditions of fluctuating light, cyanobacteria thermally dissipate excess absorbed energy at the level of the phycobilisome, the light-collecting antenna. The photoactive Orange Carotenoid Protein (OCP) and Fluorescence Recovery Protein (FRP) have essential roles in this mechanism. Absorption of blue-green light converts the stable orange (inactive) OCP form found in darkness into a metastable red (active) form. Using an in vitro reconstituted system, we studied the interactions between OCP, FRP, and phycobilisomes and demonstrated that they are the only elements required for the photoprotective mechanism. In the process, we developed protocols to overcome the effect of high phosphate concentrations, which are needed to maintain the integrity of phycobilisomes, on the photoactivation of the OCP, and on protein interactions. Our experiments demonstrated that, whereas the dark-orange OCP does not bind to phycobilisomes, the binding of only one red photoactivated OCP to the core of the phycobilisome is sufficient to quench all its fluorescence. This binding, which is light independent, stabilizes the red form of OCP. Addition of FRP accelerated fluorescence recovery in darkness by interacting with the red OCP and destabilizing its binding to the phycobilisome. The presence of phycobilisome rods renders the OCP binding stronger and allows the isolation of quenched OCP-phycobilisome complexes. Using the in vitro system we developed, it will now be possible to elucidate the quenching process and the chemical nature of the quencher.
INTRODUCTION
Cyanobacteria are prokaryotes that perform oxygenic photosynthesis. Related to the ancestor of plastids in eukaryotic algae and land plants, they were a major contributor to the initial accumulation of atmospheric oxygen on Earth. Furthermore, cyanobacteria play a key role in global carbon cycling. Although the structure and function of the photosynthetic reaction centers appear to be mostly conserved from cyanobacteria to higher plants, there is a wide variety of light-harvesting complexes that have distinctive compositions. Higher plants use membraneembedded complexes that noncovalently bind chlorophyll (chl) and carotenoids to collect light energy. Cyanobacteria (with the exception of the prochlorophytes) use soluble extramembrane antenna complexes, the phycobilisomes (PBs), which carry blue and red phycobiliproteins. As a consequence, antenna-associated photoprotective processes differ at the mechanistic level between the photosynthetic organisms. One of these processes is an energy dissipating mechanism that decreases the energy arriving at the photosynthetic centers to protect the reaction centers against light-induced damage in high-light conditions.
In photosynthetic organisms exposed to low light intensities, the antenna capacity is maximal and almost all of the absorbed energy is funneled to the reaction center to run the photochemical reactions. High irradiance induces an increase of thermally dissipated energy at the level of the antenna by converting the light-harvesting complexes into highly efficient energy dissipaters. This increase in thermal energy dissipation decreases the excess absorbed energy arriving at the reaction centers and is accompanied by a decrease in photosystem II (PSII)-related fluorescence emission. In plants and algae, this process, called qE, involves the membrane chlorophyll-containing light-harvesting complexes of PSII and is triggered by acidification of the thylakoid lumen under saturating light conditions (reviewed in Horton et al., 1996; Niyogi, 1999) . In cyanobacteria, the process is induced by the photoactivation of a soluble carotenoid protein, the Orange Carotenoid Protein (OCP), and involves the soluble PBs (reviewed in Karapetyan, 2007; Kirilovsky, 2007 Kirilovsky, , 2010 Bailey and Grossman, 2008; Kerfeld et al., 2009 ). We call this process the OCP-dependent nonphotochemical quenching (NPQ) mechanism.
PBs are composed of a core from which rods (generally six) radiate (reviewed in Glazer, 1984; Grossman et al., 1993; MacColl, 1998; Adir, 2005) . The core and rods contain phycobiliproteins that covalently attach blue and red chromophores, which are open-chain tetrapyrroles. In Synechocystis PCC 6803, the strain used in this work and hereafter simply referred to as Synechocystis, each rod contains three disc-like hexamers of phycocyanin (PC), in which a monomer is a aPC-bPC dimer. The rods are stabilized by rod linkers that also optimize directional energy transfer (Glazer, 1984) . The linker proteins are believed to bind in the central cavity of the phycobiliprotein discs. The core is formed by three cylinders, each containing four disc-like trimers of allophycocyanin (APC = aAPC-bAPC dimer). Two-thirds of these trimers are formed by three abAPC units, while, in the rest, one of the a or bAPC subunits is replaced by a special subunit, ApcD, ApcF, or ApcE. The former trimers have a fluorescence emission maximum at 660 nm (APC 660 ), while the latter ones have one at 680 nm (APC 680 ) (Lundell and Glazer, 1983) . The PBs are attached to the outer surface of the thylakoid membranes (Gantt and Conti, 1966) via the large, chromophorylated, core membrane linker protein L CM (ApcE) (Redlinger and Gantt, 1982) . L CM also serves as a PB terminal energy emitter. Harvested light energy is transferred from L CM to the chlorophylls of PSII and photosystem I (Mullineaux, 1992; Rakhimberdieva et al., 2001 ).
OCP was first described by Holt and Krogmann (1981) . In 2003, prior to an understanding of its function, Kerfeld et al. (2003) reported the crystal structure of the OCP isolated from Arthrospira maxima. OCP is a soluble 35-kD protein carrying a ketocarotenoid, the 39-hydroxyechinenone (Kerfeld et al., 2003; Kerfeld, 2004a Kerfeld, , 2004b . OCP is composed of two domains: an all a-helical N-terminal domain and an a/b C-terminal domain (Kerfeld et al., 2003) . While the fold of the C-terminal domain is a member of the nuclear transport factor 2 superfamily, the sequence and structure of the N-terminal domain of the OCP is unique to cyanobacteria. The carotenoid, 39-hydroxyechinenone, spans both domains of the protein and is largely buried. OCP is present in the majority of the PB-containing cyanobacteria. In Synechocystis, OCP is encoded by the slr1963 gene (Wu and Krogmann, 1997) . It is constitutively expressed even in Synechocystis mutants lacking PBs (Wilson et al., 2007) . Studies of the function of OCP using DOCP and PB Synechocystis mutants led to the discovery of its role in photoprotection (Wilson et al., 2006) .
OCP is a photoactive protein (Wilson et al., 2008) . Absorption of blue-green light induces conformational changes in the carotenoid and the protein, converting the stable orange dark OCP form (OCP o ) into a metastable red active form (OCP r ) (Wilson et al., 2008) . The presence of a ketocarotenoid is essential for photoactivity. OCP is able to bind zeaxanthin, which lacks the carbonyl group of ketocarotenoids, but zea-OCP is photoinactive, remaining yellow under strong illumination (Punginelli et al., 2009) . In cyanobacteria cells under high irradiance, OCP r induces the decrease of PB fluorescence and the energy arriving at the reaction centers by increasing energy thermal dissipation (Wilson et al., 2006) . In darkness, the isolated OPC r spontaneously reverts to OCP o (Wilson et al., 2008) . This reaction is largely dependent on the temperature: the higher the temperature, the faster the recovery (Wilson et al., 2008) . By contrast, the lightinduced OCP o -to-OCP r conversion is temperature independent. Thus, the steady state concentration of OCP r during illumination decreases with increasing temperature (Wilson et al., 2008) . In vivo, the fluorescence recovery kinetics also show a large temperature dependence. However, the kinetics are slower (El Bissati et al., 2000; Wilson et al., 2006; Rakhimberdieva et al., 2007b) than the red-to-orange OCP dark conversion, suggesting that the red OCP form is more stable in vivo than in vitro.
We have recently shown that, in vivo, another protein is needed to destabilize the red form and allow the recovery of the fluorescence quenching and of the full antenna capacity (Boulay et al., 2010) . When light intensity decreases, the quenched Synechocystis cells cannot recover the lost fluorescence in the absence of a specific protein, which we have called Fluorescence Recovery Protein (FRP; Boulay et al., 2010) . In Synechocystis, this protein is encoded by the slr1964 gene that is adjacent to the OCP-encoding gene, slr1963. FRP interacts with OCP r and accelerates its conversion into OCP o (Boulay et al., 2010) . As a consequence, FRP switches off the OCP-dependent NPQ mechanism. Slr1964-like genes are present in almost all of the OCP-containing cyanobacterial strains. In the freshwater strains, the gene is just downstream of the OCP-encoding gene, and in the marine strains, a gene coding a putative b-carotene ketolase is found between them.
In vivo studies using whole cyanobacteria cells made the discovery of the OCP-dependent NPQ mechanism and elucidation of the roles played by different elements possible. Isolation of OCP led to the discovery of its photoactivity, and isolation of FRP led to an understanding of its role and its interaction with the OCP r . It became evident that in vitro studies of the OCP-PB and OCP-PB-FRP interactions were required to further understand the relationship between the OCP and PB and to demonstrate crucial points of our working model. To this end, we reconstituted the OCP-dependent NPQ mechanism in vitro. This in vitro system has allowed us to demonstrate that (1) OCP, FRP, and PBs are the only elements required for the OCP-dependent NPQ mechanism; (2) only OCP r interacts with the PB; (3) this binding, which is light independent, stabilizes the red OCP form; (4) OCP binds to the core of the PB but not to the rods; (5) OCP can bind to APC 660 trimers and quench their fluorescence; (6) one OCP molecule is able to quench all the fluorescence coming from one PB; and (7) FRP is needed to detach OCP r from the PBs.
RESULTS

Effect of Phosphate on OCP o -to-OCP r Conversion
Isolation of PBs in an intact and energetically coupled state requires a high concentration of phosphate, usually greater than 0.75 M (Gantt and Lipschultz, 1972) . Thus, to maintain the integrity of Synechocystis PBs for prolonged periods, reconstitution experiments require 0.8 M phosphate. However, high concentrations of phosphate largely inhibit the induction of fluorescence quenching by strong blue-green light in Synechocystis cells ( Figure 1A ). Since high phosphate concentrations can affect protein conformational changes, the inhibition of fluorescence quenching could be explained by a partial or total blockage of the OCP o -to-OCP r conversion. Increasing phosphate concentration did decrease the initial rate of the OCP o -to-OCP r conversion: the t changing from 19 s in 0.08 M phosphate to 62 s in 0.8 M phosphate ( Figure 1B) . However, phosphate concentration did not affect OCP r -to-OCP o conversion (see Supplemental Figure 1 online). As a consequence, the steady state concentration of OCP r decreased with increasing phosphate concentrations. At 0.8 M phosphate only 25 to 30% of OCP was converted to the red form, while at 0.5 M phosphate, 80% of the OCP was red after 5 min illumination ( Figure 1B) .
Induction of Fluorescence Quenching in Vitro
In this study, three types of PBs were principally used: wild-type PBs (WT-PBs) containing the APC core from which radiate six rods formed by three PC hexamers; CB phycobilisomes (CBPBs) containing the APC core from which radiate six rods containing one PC hexamer (Ughy and Ajlani, 2004) ; and CK phycobilisomes (CK-PBs) containing only the APC core (Ajlani et al., 1995) (Figure 2A ). When the three types of PBs were illuminated with high intensities of white light in the presence of excess OCP (since only 25% of the OCP o was converted to OCP r in 0.8 M phosphate), the red fluorescence almost disappeared and the solution became blue. Figure 2 also shows the room temperature fluorescence spectra of the WT-PBs, CB-PBs, and CK-PBs before and after illumination. The dark, high fluorescent PBs presented a fluorescence maximum at 670 nm with a shoulder at 680 nm. Almost no decrease of fluorescence was observed when the PBs were illuminated in the absence of OCP (<5%). By contrast, only 7 to 15% of the initial fluorescence was detected for the PBs samples illuminated in the presence of OCP. The quenched WT-PBs and CB-PBs (containing PC) presented a fluorescence maximum at 655 nm, suggesting that most of the remaining fluorescence was related to functionally dissociated PC. However, the remaining fluorescence in CK-PBs had a maximum at 670 nm, suggesting that the fluorescence quenching of the core was not complete.
The PBs isolated from a Synechocystis mutant lacking APC (DAB strain) are formed by PC-containing rods and do not have a core (Ajlani et al., 1995) . The dark PBs had a fluorescence emission maximum at 650 nm. For these PBs, the presence of OCP led to only 5% quenching of their fluorescence ( Figure 2E ), showing that OCP was not able to interact with the PC hexamers.
Fluorescence emission spectra at 77K exhibit resolved emissions related to each of the phycobiliproteins. The spectrum of the entire and energetically coupled PBs is characterized by a narrow peak with maximum at 683 nm related to the terminal PB emitters (ApcD, ApcF, and ApcE) and a small shoulder at 650 to 660 nm (WT-PBs) related to PC and APC (disconnected from PB terminal emitters) ( Figure 3A ). Illumination of these whole PBs with strong white light in the presence of excess OCP induced a large quenching of the 683-nm emission ( Figure 3A ). The fluorescence emission spectrum at 77K of partially dissociated WT-PBs presented two peaks with maximum at 655 nm (related to PC) and 683 nm (related to terminal emitters) ( Figure 3B ). Illumination of these PBs in the presence of OCP induced a large decrease of the 683 nm peak. The peak at 655 nm was slightly increased, indicating no quenching of the PC related fluorescence. This result confirmed that OCP interacts with the core but not with the rods of PBs.
The fluorescence spectrum of partially dissociated CK-PBs showed one peak at 665 nm and another one at 683 nm ( Figure  3C ). Both decreased when the partially dissociated cores were illuminated in the presence of OCP ( Figure 3C ). Thus, OCP is able to quench APC 660 trimers emitting at 660 nm. The decrease of the emission at 683 nm could be explained by a decrease of energy transfer from APC 660 to APC 680 trimers or by direct fluorescence quenching of APC 680 trimers.
OCP-PB Interaction
To further characterize the in vitro fluorescence quenching process, the effects of OCP concentration ( Figure 4 ) and light intensity were studied ( Figure 5 ). The amplitude and the rate of fluorescence quenching depended on the OCP-to-PB ratio. Maximal fluorescence quenching was reached within 5 min in the presence of a large excess of OCP (at least 20 OCP to 1 PB) in WT-and CB-PBs ( Figure 4A ). When only eight or four OCP molecules per PB were present, 15 and 30 min, respectively, were required to obtain maximal fluorescence quenching. At the same OCP-to-PB ratio, slower fluorescence decay was observed with CK-PBs than with WT-PBs ( Figure 4B ). Even an excess of 40 OCP per 1 CK-PB was not sufficient to induce maximal fluorescence quenching (Figure 4 ). Moreover, steady state fluorescence quenching was reached after 5 min and longer illumination did not increase the amplitude of quenching ( Figure 4B ). These results strongly suggested that OCP binds more strongly to WT-and CB-PBs than to CK-PBs. A slightly stronger fluorescence quenching was always observed in CB-PBs compared with WT-PBs. This may be explained by the presence of shorter rods in CB-PBs, providing an easier access of OCP to the PB core.
PBs (in the presence of an excess of OCP) were also illuminated with different intensities of blue-green light. During illumination, OCP o was converted to OCP r and became bound to PBs. Light intensity largely influenced the rate and the amplitude of fluorescence quenching: higher light intensities quenched the fluorescence faster and to a greater extent (Figures 5A and 5B) . This result can be explained by the dependency on light intensity of the accumulation of OCP r : the concentration of OCP r increases with light intensity (Wilson et al., 2008) . OCP induced more fluorescence quenching in WT-and CB-PBs than in CK-PBs, which again suggested a weaker OCP binding to CK-PBs.
To test whether the effect of OCP r on PB fluorescence also depended on light intensity, OCP was first completely converted to the red form and then incubated with PBs in darkness or at low or high intensities of blue-green light. In this case, in which the initial concentration of OCP r was high and equal in the three samples, the rate and amplitude of fluorescence quenching was similar in darkness and at both light intensities ( Figure 5B ). The fluorescence quenching was very fast due to the high concentration of OCP r at t = 0 s. These results indicated that the effect of OCP r on PB fluorescence is not influenced by light intensity. The dependency on light intensity of fluorescence quenching observed in Figure 5A was related only to a higher accumulation of OCP r at higher light intensities.
FRP Accelerates Fluorescence Recovery in Vitro
The fluorescence quenching induced by illumination of WT-PBs (and CB-PBs) in the presence of OCP in 0.8 M phosphate was essentially irreversible ( Figure 6A ). Even after 24 h, the PBs remained in a quenched state. FRP had a very small effect. Thus, high phosphate concentration seems to greatly stabilize the effect of OCP. Decreasing the phosphate concentration to 0.5 M allowed a slight recovery of fluorescence in darkness. The presence of FRP increased fluorescence recovery to 40% (Figure 6B ). With 0.5 M phosphate, the energy transfer from PC to APC and to the terminal PB emitters remained high during the experiment (see Supplemental Figure 3 online). This indicated that the increase of fluorescence was not associated with a dissociation of the PB. These results suggested that OCP binding to PBs is weaker at 0.5 M than at 0.8 M phosphate and showed that FRP increases fluorescence recovery most probably by destabilizing OCP binding (see also next section).
When quenched CK-PBs were incubated in darkness in 0.8 M phosphate buffer, fluorescence recovery occurred even in the absence of FRP, confirming the weak binding of OCP to CK-PBs (see also next section and Figure 7) . Nevertheless, the recovery of fluorescence was slower than the OCP r -to-OCP o conversion in the absence of PBs (half-time = 120 and 60 s, respectively) (cf, Figures 6A and 1C) , indicating a partial stabilization of the red OCP form by CK-PBs. Figure 6A shows that in 0.8 M phosphate buffer, illumination of WT-and CB-PBs in the presence of OCP induced an almost irreversible fluorescence quenching. This suggested the possibility that the OCP-PB complexes could be separated from the nonbound OCPs in a Suc gradient. The WT-PBs, CB-PBs, and CK-PBs were illuminated with strong white light or left in darkness in the presence of an excess of OCP. The illuminated PBs were all quenched after illumination. The quenched PBs were reisolated by centrifugation in a Suc gradient. The nonbound OCP remained in the upper phase of the gradient (orange band), and the PBs (blue band) were recovered in the 0.75 M Suc fraction ( Figure 7A ). No visual differences were observed between the different Suc gradients. The presence of OCP was clearly visible in the illuminated WT-PBs and CB-PBs in the Commassie blue-stained gel, and its presence was confirmed by immunoblotting ( Figure 7A ). The amount of OCP attached to the PBs was quantified from Commassie blue-stained gels containing known quantities of OCP (see Supplemental Figure 6 online). The quantification gave 1.2 OCP per PB varying from 1 to 1.5 OCP per PB depending on the sample. By contrast, OCP was almost absent in the illuminated CK-PBS, indicating that OCP detached from PBs during the centrifugation, confirming the weaker binding of OCP to this type of PBs ( Figure 7B) .
OCP was absent (or almost absent) in the nonilluminated PBs ( Figure 7A ), suggesting that OCP o does not bind to PBs. When WT-PBs were illuminated in the presence of the mutated Y44S-OCP that is not photoactive and remains orange under strong illumination ) the PBs were not quenched and the OCP was absent in the reisolated PBs ( Figure 7B) . Thus, the mutated OCP was unable to induce fluorescence quenching since it did not bind to the PBs. Our results clearly demonstrated that only OCP r binds to PBs.
The isolated OCP-PBs complexes were highly quenched ( Figure 8A ; see Supplemental Figure 7 online). The fluorescence quenching was similar in PBs samples containing 1 or 1.5 OCP per PB. The lost fluorescence was partially recovered (;50%) when the quenched OCP-PBs complexes were incubated in 0.5 M phosphate in the presence of FRP ( Figure 8A ). When these partially quenched complexes were reisolated in a Suc gradient, they contained significantly less bound OCP ( Figure 8B) . Thus, the recovery of fluorescence was related to a detachment of the OCP molecules from PBs. In the absence of FRP, most of the OCP remained attached and only 15 to 20% of the lost fluorescence was recovered ( Figures 8A and 8B) . These results confirmed that the role of FRP is to accelerate the fluorescence recovery by destabilizing OCP binding.
Finally, we tested if the isolated His-tagged OCP-PBs complexes could be retained on a nickel column. Isolated OCP and OCP-CB-PB complexes were loaded onto a nickel column. The isolated His-tagged OCP was retained on the column and required a 200 mM imidazol wash for elution. By comparison, the OCP-CB-PB complexes were not retained ( Figure 9A ), indicating that after OCP binding to PBs, the His-tag was no longer accessible. As shown in Figure 9B , the six histidines of the His-tag are in fact oriented toward the a/b C-terminal domain of the OCP.
DISCUSSION
The development of an in vitro system with PBs, OCP, and FRP was an essential step to further characterize the OCP-related PB fluorescence quenching. However, when this work began, it was not evident that the reconstitution of the photoprotective mechanism in vitro would be successful. The high phosphate concentration, which is needed to maintain the integrity of isolated PBs, greatly inhibits the blue-green light-induced quenching ( Figure 1A ) and the recovery of fluorescence under low light conditions in Synechocystis cells (Joshua et al., 2005) . In addition, incubation of cyanobacteria cells in high phosphate concentrations inhibits the state transition mechanism, which involves PB and photosystem movements (Joshua and Mullineaux, 2004) . Nevertheless, in this work, we successfully reconstituted, in vitro, the OCP-related photoprotective mechanism and clearly demonstrated that OCP, PBs, and FRP are the only three elements necessary and sufficient for this mechanism to occur.
This study shows that high concentrations of phosphate largely inhibit the blue-green light-induced fluorescence quenching mechanism because they specifically hinder the accumulation of the OCP r form. On the other hand, a high phosphate concentration stabilizes the OCP binding to PBs, rendering this binding irreversible (even in the presence of FRP) at 0.8 M phosphate for the WT-and CB-PBs. This explains the irreversibility of the fluorescence quenching in Synechocystis cells incubated in high phosphate solutions. It has been proposed that the principal effect of high phosphate concentrations on the stabilization of the PB is principally the strengthening of the hydrophobic intermolecular forces between the phycobiliproteins by decreasing the solubility of nonpolar groups and secondary the countershielding of charges on the proteins (Zilinskas and Glick, 1981) . These effects could also explain the stronger binding of OCP to PBs at high phosphate concentrations.
In vivo binding of OCP to WT-PBs (in the absence of phosphate) seems to be weaker than in vitro at 0.5 to 0.8 M phosphate. The lost fluorescence is totally recovered in 15 min in the presence of FRP (Boulay et al., 2010) , and a small recovery is observed even in a mutant lacking FRP (Boulay et al., 2010) . It is not known how the integrity of PBs is maintained in the cells; however, a possible local high concentration of solutes that favor protein-protein interactions and a high protein concentration in the cytosol could help maintain the PB as a whole. The same factors could explain the stabilization of the OCP r binding to WT-PBs in vivo.
The Red OCP Form Is Essential for Binding to PBs
Illumination of PBs in the presence of OCP induced the formation of OCP-PB complexes. In the case of WT-and CB-PBs, these complexes were sufficiently stable to allow the reisolation of the quenched OCP-PB complexes. By contrast, incubation of PBs in the presence of a great excess of OCP in darkness did not form any complex. Moreover, a nonphotoactive mutated OCP was also unable to attach to the PBs even under strong illumination. These results demonstrate that OCP o does not bind to PBs (or that the binding is very weak). Thus, the red form is essential for binding. However, the photoactive R155L-OCP is converted to the red form by strong illumination but is unable to induce fluorescence quenching in whole cells . The development of the in vitro system will allow us to study further this mutant and to determine if it is less effective in binding, in energy dissipation or both.
OCP r Binding to PBs Is Independent of Light
The rate and amplitude of fluorescence quenching depended on light intensity when the PBs were illuminated in the presence of OCP o . Under these conditions, OCP o is converted to OCP r and then binds to PBs as occurs in vivo in whole cells. However, when the OCP o was first converted to OCP r , the kinetics of fluorescence quenching in the dark was identical to that under low and high light conditions. This indicated that OCP, once converted to the red form, efficiently binds to the PB in the absence of light. The larger fluorescence quenching induced by higher light intensities, in vitro and in vivo, is only related to a greater accumulation of OCP r . Recently, Rakhimberdieva et al. (2011) have shown that in cells of a Synechocystis mutant lacking photosystems, fluorescence quenching induced by a short flash continues to occur in darkness for several seconds. These results also suggested a light-independent binding of OCP r to the PBs. Thus, the light intensity influences the concentration of OCP r but does not affect binding.
OCP r Is Stabilized by Interaction with the PB
The binding of OCP r to the WT-and CB-PBs was so strong and stable at 0.8 M phosphate that completely quenched OCP-PB complexes could be isolated. A lower phosphate concentration and the presence of FRP were necessary to recover 50% of the lost fluorescence, which resulted from partial detachment of the OCP. Although OCP binding to CK-PBs was weaker, OCP r was also stabilized. The recovery of fluorescence was slower than the OCP r -to-OCP o conversion in the absence of PBs. These results confirmed our hypothesis that the OCP r is stabilized by binding to the PBs. The weaker binding of OCP to CK-PBs, which contain only the core, indicated that the presence of rods stabilizes the attachment and explained the observation that in CK cells, bluegreen light induced very low fluorescence quenching (Wilson et al., 2006) . Since OCP binds loosely to the PB, its red form is not stabilized by the binding and it is rapidly converted to the orange form with concomitant decrease in fluorescence quenching. The presence of only one PC hexamer is sufficient to stabilize the binding. OCP r binds to CB-PBs as strongly as it binds to WT-PBs.
Our results also suggested that one OCP per PB is sufficient to quench almost all PB fluorescence, indicating that it is a very powerful mechanism for decreasing the energy arriving at the reaction centers. In in vivo wild-type cells grown under low or medium light conditions, only 30% of the maximal fluorescence is quenched. Moreover, it appears that only 30% less energy arrives at the photosystem (Rakhimberdieva et al., 2010) . This is due to the fact that in these cells, there is only one OCP per two to three PBs. In addition, the presence of FRP decreases the concentration of OCP r (Figure 6 ). Under stress conditions, such as iron starvation, the OCP to PB ratio greatly increases and 60 to 70% of maximal fluorescence is quenched (Wilson et al., 2007) . This also happens in the OCP-overexpressing strains, in which the OCP concentration is increased ;8-fold compared with the wild type (Wilson et al., 2008; Punginelli et al., 2009) .
The isolated OCP contains six C-terminal His residues. This C-terminal His-tag interacts with the a/b sheet C-terminal domain of the protein ( Figure 9B ). The presence of the His-tag allowed the isolation of the OCP via its binding to a nickel column. The fact that OCP did not bind to the nickel column once attached to the PB suggested that the OCP interacts with the PB via its C-terminal domain. This has been already proposed based on the similarity of the structures of the C-terminal domain and the Lc 7.8 core linker protein (Wilson et al., 2008) . However, we cannot exclude the possibility that the PC hexamers in the CB-PB hindered the binding of the complex even though the interaction occurred via the N-terminal domain.
The Site of OCP Binding and the Primary Site of Quenching
Results obtained in different laboratories working with Synechocystis mutant cells strongly suggested that PC fluorescence is not quenched by the OCP (Scott et al., 2006; Wilson et al., 2006; Rakhimberdieva et al., 2007a) . This was confirmed by our in vitro experiments. OCP is unable to quench PC fluorescence in PBs containing only PC rods or in partially dissociated PBs. By contrast, OCP binds to the core and quenches its fluorescence.
Due to the high similarity between the structure of the Lc 7.8 core linker and the C-terminal domain of the OCP, we previously proposed that OCP interacts with the chromophores of the center of the APC trimers (Wilson et al., 2008) . However, the effect of the rods on OCP binding observed in this work suggested that OCP interacts with the exterior part of the trimers. Nevertheless, it is still possible that binding of PC rods to the core somewhat distorts the circle of the APC trimer and the shape of the cavity, thereby stabilizing the binding of the OCP in the cavity. There is no structural model available of a whole PB that would allow us to test this hypothesis. The crystallization of the quenched OCP r -CB-PB complexes may provide further information about the site of OCP binding.
Until now it has been impossible to determine the primary site of quenching in the core formed by APC trimers emitting at 660 nm (APC 660 ) and APC trimers emitting at 680 nm (APC 680 ). The Lc 7.8 linker binds both types of trimers (Arteni et al., 2008) . Our reconstitution experiments with partially dissociated PBs clearly show that, at least in vitro, OCP is able to interact with APC 660 trimers that are disconnected from APC 680 and to quench their fluorescence. This suggests that the primary site of quenching is an APC 660 trimer. However, OCP also quenched APC 680 fluorescence. This effect could be a direct effect due to binding to the trimers containing APC 680 or an indirect one via connected APC 660 trimers. Thus, we are still unable to clearly demonstrate which type of core trimer interacts with OCP in vivo. Moreover, the possibility remains that OCP interacts with both types of APC.
FRP Helps the Detachment of OCP r from the PB Addition of FRP in darkness to the quenched PBs accelerated the recovery of fluorescence and the detachment of the OCP from the PBs, confirming that the role of FRP was to assist the detachment of the red OCP from the PB and accelerate the OCP r -to-OCP o conversion. The presence of FRP during illumination largely inhibits fluorescence quenching by decreasing the concentration of OCP r . One FRP per OCP was sufficient to completely inhibit fluorescence quenching. This confirms our supposition that the amount of FRP present in the cells must be lower than that of OCP to maintain a good level of photoprotection. This could be achieved by the presence of two different promoters for the slr1963 (OCP) and slr1964 (FRP) genes that must be differently regulated (Boulay et al., 2010) .
In conclusion, the in vitro reconstitution of the OCP-related photoprotective mechanism allowed the demonstration of several important characteristics of this process: (1) PBs, OCP, and FRP are the only elements necessary for the OCP-dependent NPQ mechanism; (2) only the OCP r binds to the core of the PB; (3) this binding is light independent; (4) OCP binding to the PB stabilizes the OCP r ; (5) FRP is needed to detach the OCP r from the PB and to accelerate its conversion to the orange form; and (6) the site of fluorescence quenching is the core of the PB. Our results also demonstrate that OCP can bind to APC 660 trimers and quench their fluorescence. Finally, this in vitro system will be a particularly useful tool for understanding the interaction of the OCP with PBs and for determining the site of quenching and the nature of the quencher, whether it is the OCP or a modified form of the APC chromophores.
METHODS
Culture Conditions
Wild-type and mutants cells of the mesophylic freshwater cyanobacterium Synechocystis PCC 6803 were grown photoautotrophically in a modified BG11 medium (Herdman et al., 1973) containing twice the amount of sodium nitrate. Cells were grown in a rotary shaker (120 rpm) at 308C and illuminated with fluorescent white lamps, giving an intensity of ;30 mmol photons m 22 s 21 under a CO 2 -enriched atmosphere. The cells were maintained in the logarithmic phase of growth. For OCP isolation, cyanobacteria cells were grown in 3L Erlenmeyer flasks in a rotary shaker under a light intensity of 70 to 90 mmol photons m 22 s 21 . The cells were harvested at OD 800 = 1. The different mutants were grown in the presence of the appropriate antibiotics. The construction of the mutants used in this work has already been described: CB strain by Ughy and Ajlani (2004) , CK and DAB strains by Ajlani et al. (1995) , and overexpressing His-tagged OCP-DCrtR by Wilson et al. (2011) .
Isolation of PBs and OCP-PB Complexes
The purification of PBs from the wild type, CK, CB, and DAB Synechocystis PCC 6803 mutants was performed according to the procedure described by Ajlani et al. (1995) with the following modifications. All steps were performed at room temperature. Cells at OD 800 = 1 were harvested and washed twice with 0.8 M potassium phosphate buffer, pH 7.5. Cells were broken at the chlorophyll concentration of 1 mg/mL by vortexing with one-half volume of glass beads in the presence of 1 mM EDTA, 1 mM caproic acid, 1 mM phenylmethylsulfonyl fluoride, 1 mM benzamidine, and 50 mg/mL DNase. Broken cells were then incubated with Triton X-100 (2% v/v), and the debris was removed by centrifugation at 20,000g for 20 min at 238C. The supernatant was loaded onto a Suc gradient containing layers of 1.5, 0.75, 0.5, and 0.25 M Suc in 1 M phosphate buffer, pH 7.5. The gradient was spun at 150,000g in 238C for 5 h. The blue bands were collected from the gradient; absorbance spectra were used to calculate the concentration of PBs.
To partially dissociate WT-PBs for the experiment shown in Figure 3A , WT-PBs were incubated for 2 h in 0.4 M phosphate buffer. To dissociate the PB cores, the CK-PBs were incubated 5 min in 0.08 M phosphate buffer and then resuspended in 0.8 M phosphate. The resuspension in 0.8 M phosphate was necessary for OCP binding to PBs. The incubation at 0.08 M phosphate dissociated the core in APC trimers (see Supplemental Figure 3 online); the resuspension in 0.8 M phosphate induced a partial reassociation of trimers.
The OCP-PB complexes were prepared in 0.8 M phosphate by illumination of isolated PBs with 5000 mmol photons m 22 s 21 of white light for 10 min at 238C in presence of OCP (OCP:PB ratio of 40). To separate the resulting OCP-PB complexes from the unbound OCP, the samples were loaded onto a Suc gradient after illumination. The gradient was centrifuged at 150,000g at 238C for 3 h. The blue band was isolated from the gradient and the orange band was discarded. The composition of the blue band was analyzed by gel electrophoresis and absorbance spectra.
The calculation of PB concentration was based on the absorbance spectra. For CK-PB, an extinction coefficient equal to 11,000 mM 21 cm 21 at 650 nm (12 APC trimers) (extinction coefficients for different types of trimers of APC are from Glazer [1984] ). For WT-PB, 95% of absorbance at 622 nm corresponds to the absorption of PC (Yamanaka et al., 1978) . The extinction coefficient of a hexamer of PC is 2370 mM 21 cm 21 (Glazer, 1984) . We estimated that the extinction coefficient of WT-PB containing 18 hexamers of PC (six rods with three PC hexamers each) is 42,660 mM 21 cm 21 . By comparison of the spectra of WT-PB and CK-PB, it was estimated that 80% of absorbance at 622 nm corresponds to PC in CB-PBs. In this type of PB, there are six hexamers of PC so the extinction coefficient of 14,220 mM 21 cm 21 was used to calculate the concentration of CB-PB.
OCP and FRP Purification
OCP was isolated from the overexpressing C-terminal His-tagged OCPDCrtR strain (Wilson et al., 2011) . Its purification was performed as previously described (Wilson et al., 2008) . The construction of the Escherichia coli strain overexpressing His-tagged short FRP from Synechocystis and FRP isolation has been previously described by Boulay et al. (2010) .
Absorbance Measurements
The orange-to-red OCP photoconversion was monitored in a Specord S600 spectrophotometer (Analyticjena) during illumination of the OCP with 5000 mmol photons m 22 s 21 of white light at 238C.
Fluorescence Measurements
Fluorescence quenching and recovery were monitored with a pulse amplitude modulated fluorometer (101/102/103-PAM; Walz). All measurements were performed in a stirred cuvette of 1-cm diameter. Typically, the fluorescence quenching was induced by 870 mmol photons m 22 s 21 of blue-green light (Halogen white light was filtered by a Corion cutoff 550-nm filter; 400 to 550 nm). All the reconstitution experiments were performed at 238C. When CK-PBs were used, a strong temperature dependence was observed, the optimal temperature being between 20 to 258C (see Supplemental Figure 8 online). Almost no fluorescence quenching was induced at temperatures lower than 128C. Recovery of fluorescence was recorded in the darkness.
For the experiment described in Figure 5B , the OCP o was completely converted to OCP r under strong white light (5000 mmol photons m 22 s 21 ) and low phosphate concentration (0.08 M) and then incubated with PBs in darkness or at 90 or 1285 mmol photons m 22 s 21 of blue-green light at 0.8 M phosphate.
Fluorescence emission spectra at room temperature and at 77K were performed in a CARY Eclipse fluorescence spectrophotometer fluorometer (Varian). For the 77K spectra, samples in Pasteur pipettes were quickly frozen by immersion in liquid nitrogen.
Protein Separation and Immunoblot Analysis
Proteins were analyzed by SDS-PAGE on 12% polyacrylamide/2 M urea gels in a Tris-MES system (Kashino et al., 2001) (Figures 7B, 8B , and 9A; see Supplemental Figure 7 online) or on 12% polyacrylamide gels in a TrisTricine system (Schä gger and von Jagow, 1987) ( Figure 7A ; see Supplemental Figure 2 online). PBS-containing samples were concentrated by precipitation with 10% (v/v) trichloroacetic acid prior to loading. The gels were stained by Commassie Brilliant Blue. The OCP protein was detected by a polyclonal antibody against OCP (Wilson et al., 2007) . Equal concentrations of PBs were loaded in each lane. For OCP quantification, different concentrations of OCP were loaded to obtain an OCP/PB ratio of 10, 4, 2, 1, and 0.5.
Accession Numbers
Sequence data from this article can be found in the GenBank/EMBL data libraries under accession numbers NP_441508 (OCP [slr1963] ) and NP_441509 (FRP [slr1964] ).
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